INTRODUCTION
WRKY proteins are a relatively recently identified class of sequence-specific DNA-binding transcription factors found almost exclusively in plants (Rushton et al., 2010) . The characteristic structural feature of WRKY proteins is the highly conserved WRKY domain, which contains the almost invariant WRKYGQK sequence at the Nterminus followed by a Cx 4-5 Cx [22] [23] HxH or Cx 7 Cx 23 HxC zinc-finger motif (Rushton et al., 2010) . Genes encoding WRKY proteins have been identified in low photosynthetic and nonphotosynthetic eukaryotes, but they have greatly proliferated and form large superfamilies only in higher plants with more than 70 members in Arabidopsis thaliana (Zhang and Wang, 2005) . Based on the number and structures of the conserved WRKY zinc-finger motifs, WRKY proteins were initially classified into three groups (Eulgem et al., 2000) . The first group contains two Cx 4 Cx [22] [23] HxH zinc-finger motifs, the second group contains one Cx 4-5 Cx 23 HxH zinc-finger motif, and the third group contains one Cx 7 Cx 23 HxC zinc-finger motif. More recent analyses, however, have shown that Group II WRKY proteins can be further divided into IIa, IIb, IIc, IId and IIe subgroups (Zhang and Wang, 2005; Rushton et al., 2010) . In the green alga Chlamydomonas reinhardtii as well as in the non-photosynthetic slim mold Dictyostelium discoideum and unicellular protist Giardia lamblia, there is only a single Group I WRKY gene (Zhang and Wang, 2005) , suggesting that Group I WRKY proteins with two WRKY domains are the ancestors to the other groups of WRKY proteins.
Since their initial identification (Ishiguro and Nakamura, 1994) , plant WRKY transcription factors have been subjected to intensive analysis for their biological functions. Earlier studies from analysis of the expression patterns of isolated WRKY genes and the cis-acting elements in defense gene promoters suggested an important role of plant WRKY transcription factors in plant defense responses. For example, we have previously analyzed the expression prolife of the Arabidopsis WRKY gene superfamily and discovered that more than 70% of the gene family members are responsive to pathogen infection and salicylic acid treatment (Dong et al., 2003) . The indirect evidence for the involvement of WRKY proteins in plant defense responses has been confirmed by studies using loss-of-function knockout/down mutants or overexpression lines of WRKY genes. These studies have shown that WRKY transcription factors can act as positive or negative regulators of plant defense responses (Li et al., 2004; Journot-Catalino et al., 2006; Kim et al., 2006; Li et al., 2006; Xu et al., 2006; Zheng et al., 2006; Kim et al., 2008; Lai et al., 2008) . Other studies have found that WRKY proteins play critical roles in plant hormone signaling (Chen et al., 2010; Shang et al., 2010) , secondary metabolism (Wang et al., 2010; Suttipanta et al., 2011) , and plant responses to abiotic stresses (Jiang and Deyholos, 2009; Li et al., 2009; Li et al., 2011) . In addition, several WRKY proteins regulate plant growth and developmental processes including trichome (Johnson et al., 2002) and seed (Luo et al., 2005) development, germination (Jiang and Yu, 2009 ) and leaf senescence (Robatzek and Somssich, 2002; Miao et al., 2004) . Thus, WRKY proteins have important roles in a broad range of biological processes in plants.
Despite of the wide range of biological functions, almost all analyzed WRKY proteins recognize the TTGACC/T W box sequences (de Pater et al., 1996; Rushton et al., 1996; Wang et al., 1998; Chen and Chen, 2000; Cormack et al., 2002) . This raises the question of how the functional specificity of different members of the transcription factor superfamily is achieved. One potentially important specificity determinant could be the nucleotides adjacent to the TTGACC/T core sequence, which may influence both the binding specificity and binding affinity of WRKY proteins to the core W boxes (Ciolkowski et al., 2008) . Other mechanisms may include differential expression of WRKY genes and difference in transcription-activating or -repressing activities of different WRKY proteins. As found with other transcription factors, differential DNAbinding and transcription-regulatory activities of many WRKY transcription factors could well be regulated by their interacting partners such as coactivators, chromatin remodelers and enzymes that modify histone. For example, we have previously reported both physical and functional interactions between structurally related Arabidopsis WRKY18, WRKY40 and WRKY60 (Xu et al., 2006) . The three pathogeninduced WRKY proteins formed both homocomplexes and heterocomplexes with significantly different DNA-binding activity (Xu et al., 2006) . More recently, we have shown that Arabidopsis WRKY38 and WRKY62 interact with Histone Deacetylase 19 (HDA19) in plant basal defense (Kim et al., 2008) . Both WRKY38 and WRKY62 were transcriptional activators in plant cells but the activating activities were largely abolished 7 by overexpressed HDA19. Functional analysis using knockout mutants indicated that HDA19 had a positive role while WRKY38 and WRKY62 had negative roles in plant basal defense. The physical interaction of the functionally opposing WRKY proteins with HDA19 may, therefore, act to fine-tune plant basal defense responses (Kim et al., 2008) .
Over the past several years, several groups including ours have reported physical interactions of WRKY transcription factors with proteins containing a conserved FxxxVQxLTG or VQ motif. Arabidopsis WRKY25 and WRKY33 interact with MKS1, a VQ protein that also acts as a substrate of MITOGEN-ACTIVATED PROTEIN KINASE 4 (MPK4) from Arabidopsis (Andreasson et al., 2005; Qiu et al., 2008) . HAIKU1 (IKU1), another VQ protein important for endosperm growth and seed size, interacts with WRKY10, which also regulates Arabidopsis seed size (Wang et al., 2010) . Very recently, we have shown that WRKY33 interacts with two other VQ proteins, SIGMA FACTOR-INTERACTING PROTEIN 1 (SIB1) and 2 (SIB2) (Lai et al., 2011) . MKS1, SIB1 and SIB2 recognize the C-terminal WRKY domain and stimulate the DNA-binding activity of WRKY33 (Lai et al., 2011) . Further analysis indicated that the conserved V and Q residues in the VQ motif of SIB1 are important for its interaction with WRKY33 (Lai et al., 2011) . Based on these and additional analyses of the interacting WRKY and VQ proteins, we have proposed that the short VQ motif represents the core of a WRKYinteracting domain and the VQ proteins are important regulators of DNA-binding and other molecular activities of WRKY transcription factors (Lai et al., 2011) . Here we report our expanded structural and functional analysis of the 34 Arabidopsis VQ genes and their gene products. We have discovered that the structurally diverse VQ proteins interact with the C-terminal WRKY domains of Group I WRKY proteins and the sole WRKY domains of Group IIc WRKY proteins, which share a number of amino acid residues critical for interaction with VQ proteins. Additional analysis using gene expression, knockout and overexpression lines strongly suggest that plant VQ genes play important roles in plant growth, development and defense responses. (Perruc et al., 2004), SIB1 and SIB2 (Xie et al., 2010; Lai et al., 2011) .
Loss-of-function mutants and/or overexpression lines for the VQ genes are altered in seed size, tolerance to abiotic stress or resistance to pathogen infection, indicating that members of this protein family play important roles in plant growth, development and responses to environmental conditions. To understand the extensiveness of VQ proteins in Arabidopsis, we analyzed the entire family of the 34 genes encoding proteins containing the FxxxVQxxLTG motif in Arabidopsis (Xie et al., 2010) (Table 1) . A majority of the Arabidopsis VQ genes are intronless and encode relatively small proteins with fewer than 300 amino acid (aa) residues. VQ2 is the largest VQ protein with 430 aa residues and is predicted to be encoded by a gene with four introns. The N-terminal region of ~240 aa of VQ2 is highly homologous with VQ3, which is encoded by an intronless gene adjacent to VQ2 on Chromosome I (Figure 1 ). The remaining, Cterminal region of VQ2, which are encoded by the other three exons, contains a RNArecognition motif that is absent in VQ3. It is likely that VQ2 and VQ3 were resulted from relatively recent gene duplication, after which VQ2 has acquired additional functions through fusion with other gene (s).
The previously characterized IKU1 (VQ14), CAMBP25 (VQ15) and MKS1 (VQ21) are localized exclusively in the nucleus. On the other hand, both SIB1 (VQ23) and SIB2 (VQ16) are dual-targeted, interacting with both plastic SIG1 and nuclear WRKY proteins.
Through search of the Subcellular Proteomic Database (SUBA), which contains large proteomic and GFP localization sets and precompiled bioinformatics predictions for subcellular localization of proteins from Arabidopsis, we found that a majority of Arabidopsis VQ proteins are also localized in the nucleus (Table 1) . Interestingly, a substantial number of Arabidopsis VQ proteins also contain a putative chloroplast or mitochondrial targeting signal at their N-terminus, in addition to the nuclear localization signal (Table 1) . Thus, like SIB1 and SIB2, some members of the Arabidopsis VQ protein family appear to be dual-targeted to both the nucleus and chloroplasts or mitochondria.
Apart from the short VQ motif, there is relatively low sequence homology among the Arabidopsis VQ proteins (Figure 1 ). When the full-length protein sequences of the 34 VQ proteins were used to construct the phylogenetic tree, there were only four branches with bootstrap values larger than 95% (Figure 2) . A majority of the branches, particularly those deep ones had low confidence values (Figure 2) , likely due to the divergent sequences of the protein family.
Interacting partners of VQ proteins from Arabidopsis
Among the five Arabidopsis VQ proteins functionally analyzed, four have been shown to interact with WRKY proteins. In addition, we have previously reported that Arabidopsis VQ1 interacts with WRKY33 (Lai et al., 2011) . Subsequent screens also identified VQ10 interacted with WRKY33 and closely related WRKY25 and WRKY26 (Table 2 ). In the present study, we first analyzed using yeast two-hybrid assays whether CAMBP25/VQ15, one of the five functionally characterized VQ proteins, also interacted with WRKY proteins. For this purpose, we fused the CAMBP25 gene with the AD domain of the Gal4 transcription factor in the yeast two-hybrid prey vector pAD.
We also cloned cDNA fragments corresponding to the DNA-binding domains for WRKY25, WRKY33, WRKY51, WRKY70 and WRKY38 into the pBD bait vector. The fused pAD and pBD vectors were then co-transformed into yeast cells and tested for LacZ reporter gene expression through assays of β-galactosidase activity. Both assays showed that CAMBP25/VQ15 was capable of interacting with both WRKY25 and WRKY51 (Table 2) .
To determine whether other Arabidopsis VQ proteins are capable of interacting with WRKY proteins, we utilized a recently published proteome-wide binary proteinprotein-interaction map of Arabidopsis (Arabidopsis Interactome Mapping Consortium 2011). The map was generated by testing all pairwise combinations of a collection of ~8000 Arabidopsis open reading frames with an improved high-throughput binary interactome mapping pipeline based on the yeast two-hybrid system. The interaction map contains ~6,200 highly reliable interactions between ~2,700 proteins. Through searching the Arabidopsis interactome database, we found eight VQ proteins (VQ8-10, VQ12, VQ16, VQ20, VQ24 and VQ32) in the generated interactome database with (Group IIe) but failed to detect any significant β-galactosidase activity in yeast cells cotransformed with the fused bait and prey vectors (see Supplemental Figure S1 ). Figure 4A ). We inserted an alanine residue in the middle of the four residues between the conserved cysteine residues in the zinc finger structure of the C-terminal WRKY domain of WRKY33 (W33CTIns), as found in Group IIa and IIb WRKY proteins ( Figure 4A ). As shown in Figure 4B , the W33CTIns mutant WRKY domain failed to interact with VQ10
based on the β-galactosidase activity assays. This result indicated that the number of amino acid residues between the two conserved cysteine residues involved in zinc coordination is also critical for interaction with VQ proteins.
Quantitative real-time-PCR (qRT-PCR) analysis of VQ genes expression profiles
We have previously analyzed the expression profile of the Arabidopsis WRKY gene family and showed that almost 70% of the WRKY genes in Arabidopsis were differentially regulated, mostly up-regulated, in response to pathogen infection or SA treatment (Dong et al., 2003) . This observation strongly suggested that a major function of the WRKY gene superfamily is the regulation of genes associated with plant defense and stress responses. To examine their roles in plant defense, we also analyzed the expression levels of the 34 VQ genes from Arabidopsis. Arabidopsis plants were inoculated with a virulent strain of Pseudomonas syringae or treated with SA (1 mM).
Leaf samples were collected at 0, 4, 12 and 24 hours post pathogen inoculation (hpi) or SA treatment and the transcript levels of the VQ genes were quantified using qRT-PCR.
Cluster analysis of the expression profiles divided the VQ genes into two groups ( Figure   5 ). In the first group, the levels of transcript of the VQ genes including VQ19 and VQ21
were overall reduced after SA treatment and at later hours after pathogen infection (12 www.plantphysiol.org on January 30, 2018 -Published by Downloaded from Copyright © 2012 American Society of Plant Biologists. All rights reserved. and 24 hpi). In the other group, the transcript levels were up-regulated at 4 and 12 hours post SA treatment ( Figure 4 ). Many of these SA-induced VQ genes were also upregulated at earlier hours post pathogen inoculation (4 hpi). At later hours, particularly at 24 hours post pathogen infection or SA treatment, the transcript levels of many of the induced VQ genes, were not further increased and some of them even declined ( Figure   5 ). Thus, induction of many of the VQ genes by pathogen infection and SA was rapid but transient. Generally speaking, the transcript levels of Arabidopsis VQ genes changed quite dynamically upon pathogen-infection or SA treatment.
Analysis of VQ gene promoters from Arabidopsis
We have previously shown that the average frequencies of the W boxes in pathogen-and SA-regulated WRKY gene promoters from Arabidopsis are substantially higher than the statistically expected frequencies (Dong et al., 2003) . 
Functional analysis of VQ genes from Arabidopsis
To analyze directly the biological functions of Arabidopsis VQ genes, we first sought a-loss-of-function approach through characterization of T-DNA or transposon VQ8 encodes a VQ protein with an N-terminal signal peptide predicted to be chloroplast-targeting (Table 1) We also examined the responses of the VQ overexpression lines to P. syringae and B. cinerea and found relatively minor alteration in responses to the pathogens for a number of VQ genes. Overexpression of three VQ genes, however, had major effects on plant resistance to the two pathogens. Transgenic plants overexpressing VQ5 displayed increased chlorosis after infection of B. cinerea ( Figure 9A ), indicating enhanced susceptibility to the necrotrophic fungal pathogen. Transgenic plants overexpressing VQ20 displayed enhanced disease symptoms after infection of either B. cinerea or P. syringae (Figure 9 ), suggesting that VQ20 is a negative regulator in plant defense responses. In addition, transgenic plants overexpressing VQ25 were also highly susceptible to P. syringae but were normal in resistance to B. cinerea ( Figure 9 ).
Functional interactions of interacting WRKY and VQ proteins
VQ proteins interact physically with Group I and IIc WRKY proteins and may regulate DNA binding and other molecular activities of the two groups of WRKY transcription factors. To determine possible functional interaction between VQ proteins and their interacting WRKY partners, we compared the phenotypes of transgenic plants overexpressing a single VQ or an interacting WRKY gene with those of transgenic plants co-overexpressing both the interacting VQ and WRKY genes. For this purpose, we chose genes encoding VQ10 and the WRKY25, WRKY26 and WRKY33 interacting partners. These genes were selected for analysis of functional interactions because they were among the earliest identified interacting partners during our study of VQ proteins ( Table 2) . As shown in Figure 10 , transgenic plants overexpressing VQ10, WRKY25, WRKY26 or WRKY33 were largely normal in growth as judged from the sizes of plants at mature stages. However, when a VQ10-overxpressing line was crossed with lines overexpressing the three WRKY genes, the F1 progeny were substantially altered in growth. Specifically, those F1 progeny co-overexpressing VQ10 and either 
VQ proteins as Group I and IIc WRKY-interacting proteins
We have recently shown that Arabidopsis VQ proteins SIB1 (VQ23), SIB2 (VQ16) and MKS1(VQ21) specifically recognize the C-terminal WRKY domain and stimulate the DNA-binding activity of WRKY33 (Lai et al., 2011) . We have further revealed that the conserved V and Q residues in the short VQ motif of SIB1 are important for its physical interactions with WRKY33 and proposed that the short VQ motif is the core of the WRKY-interacting domain (Lai et al., 2011) . To extend the analysis, we examined the entire family of 34 VQ proteins in Arabidopsis for interaction Using WRKY33 as a model, we have identified structural features unique to the two groups of WRKY proteins that are critical for their interaction with VQ proteins.
These structural features include the presence of four amino acid residues between the two conserved cysteine residues involved in zinc coordination and two charged amino acid residues in the region that precede the WRKYGQK signature sequence (D359 and D362 for WRKY33). However, the N-terminal WRKY domains of Group I also contain these similar structural features but failed to interact with VQ proteins (Supplemental Figure S1 ). The N-terminal WRKY domains of Group I WRKY proteins also have very low DNA-binding activity and, therefore, may lack certain unknown structural features necessary for strong DNA binding and interaction with VQ proteins.
According to the structure solved by NMR, the C-terminal WRKY domain of WRKY4 is an antiparallel β-sheet forming from four β-strands (Yamasaki et al., 2012) .
For the longer C-terminal WRKY domain of WRKY4 or WRKY1 with more residues at the N-terminus, there is actually another β strand that is linked through a long bridging loop with the β strand in which the WRKYGQK sequence is located (Duan et al., 2007 
Biological functions of VQ genes
Due to the relatively large number of genes and the lack of knockout mutants for many of the gene family members, our functional analysis of the VQ gene family was by no means comprehensive but did provide a glimpse into the potential biological functions of the gene family in plant growth, development and defense responses. We showed that overexpressing of some VQ genes alone or in combination with their 
MATERIALS AND METHODS

Plant growth conditions
Arabidopsis plants were grown in growth chambers or rooms at 22°C, 120
light with 12h light/12h darkness.
Yeast two-hybrid assays
Interactions between WRKY domains and VQ proteins were assayed using Gal4-based yeast two-hybrid system as described (Lai et al., 2011) . pAD-Gal-VQ and pBDGal-WRKY fusion constructs were generated from PCR-amplified DNA fragments using the gene-specific primers listed in Supplemental Table S1 and S2, respectively. The prey and bait plasmids were transformed to yeast strain YRG-2. After overnight culture, the transformants were plated on membrane and assayed for β -galactosidase activity using 5-bromo-4-chloro-3-indoly1-beta-D-galactopyranoside as substrate. Quantitative assays of β-galactosidase activity of yeast transformants were performed using ONPG (o-nitrophenyl-β-D-galactopyranose) as substrate.
Site-directed mutagenesis
Changes of amino acid residues in the region preceding the WRKYGQK sequence of the C-terminal WRKY domain of WRKY33 (W33CT) were achieved through site-directed mutagenesis using either the QuikChange kit from Agilent or residue in the region between the two Cys residues in the zinc finger of the C-terminal WRKY domain of WRKY33 (W33CTIns) was performed using the QuikChange kit (primer: actacaagtgcacaaccgctatcggttgtccagtgagga).
qRT-PCR
Total RNA was isolated from 5-6 weeks old pathogen-infected or SA-treated Arabidopsis Col-0 wild-type plants using the Trizol reagent according to the supplier's instruction. Extracted RNA was treated with DNase (remove contaminating DNA) and reverse transcribed using the SuperScript III first-strand synthesis system for RT-PCR (Invitrogen). Quantitative RT-PCR was performed with an iCycler iQ Multicolor RealTime PCR Detection System (Bio-Rad, Hercules, CA, USA). PCRs were performed using the SYBR Green PCR Master Mix (Applied Biosystems) and gene-specific primers listed in Supplemental Table S3 . The PCR conditions consisted of denaturation at 95°C for 3 min, followed by 40 cycles of denaturation at 95°C for 30 s, annealing at 58°C for 30 s and extension at 72°C for 30 s. Relative gene expression was calculated as previously described (Livak and Schmittgen, 2001 ). The Arabidopsis ACT2 gene was used as internal control as previously described (Huang et al., 2010) .
Expression patterns of the 34 VQ genes were used for cluster analysis. To determine the degree of regulation of each VQ gene in after pathogen infection or SA treatment, we calculated the induction/repression fold by determining the relative expression levels compared to those in uninfected/untreated plants. The degree-ofregulation data across 6 transients (3 time points x 2 treatments) produced a matrix from which a gene expression similarity metric (the Peterson correlation coefficient) was calculated using the implementation as previously reported (Eisen et al., 1998) . The similarity metrics were analyzed to determine clusters of the VQ genes with similar expression profiles. The cluster analysis was performed using the software tools written by Eisen(Eisen et al., 1998) (http://rana.lbl.gov/EisenSoftware.htm). (Pst20793), VQ10 (SK6114), VQ20 (Salk_002300), VQ24 (Salk_151487) and VQ32 (Salk_035635). PCR for identification of homozygous mutants were performed using gene-specific primers listed in Supplemental Table S1 .
Identification of T-DNA/transposon insertion mutants
Generation of transgenic VQ and WRKY lines
For generating transgenic VQ over-expression lines, the full-length coding sequences for VQ genes were first excised from the corresponding pAD-Gal-VQ recombinant vectors using appropriate restriction enzymes and inserted behind the Transformants were identified for resistance to kanamycin and transgenic lines overexpressing the transformed WRKY genes were identified by northern blotting (Supplemental Figure S2 ).
RNA gel Blot Analysis
Total RNA was isolated from leaves and separated on 1.2% agaroseformaldehyde gels and blotted to nylon membranes according to standard procedures. B. Genetic analysis of vq8-1. Col-0 wild type (WT) was crossed with the vq8-1 and the F2 progeny were screened for homozygous vq8 progeny and scored for the absence (-) or presence (+) of its mutant phenotypes.
C. The phenotypes of the vq8-1 mutant. The picture was taken at 7 weeks after germination. 
B.
Delayed flowering of transgenic plants overexpressing VQ29. The picture of Col-0 wild type (WT) and two lines (L) of transgenic VQ29 overexpression plants was taken 10 weeks after germination.
The RNA blotting analysis of the overexpressed VQ genes in the transgenic lines is shown in Supplemental Figure 2S . 
A.
Enhanced susceptibility to B. cinerea. Col-0 wild type (WT) and two independent lines (L) of transgenic plants overexpressing VQ5 or VQ20 were spray-inoculated with
Botrytis and the picture was taken at the 3rd day post inoculation (dpi).
B.
Enhanced susceptibility to P. syringae. Col-0 wild type (WT) and transgenic plants overexpressing VQ20 (lines 12 and 13) or VQ25 (lines 7 and 8) were inoculated with a virulent strain of P. syringae pv. tomato DC3000 (OD 600 =0.0002 in 10 mM MgCl 2 ).
Samples were taken at 0 and 3 dpi to determine the growth of the bacterial pathogen , 2004; 3, Andreasson et al., 2005; 4, Morikawa et al., 2002; 5, Lai et al., 2011; 6, Wang et al., 2010; 7, Arabidopsis Interactome Mapping Consortium 2011) .
YIPREPVVIYAVSPKVVHATASEFMNVVQRLTGISSGVFLESGGGGDVSPAARLAST! VQ22 ( Phylogenetic trees of the VQ proteins from Arabidopsis. The tree was inferred using the Neighbor-Joining method. Phylogenetic analyses were conducted in MEGA5. Bootstrap values from 1000 replicates were used to assess the robustness of the tree. Cluster analysis of the expression profiles of Arabidopsis VQ genes. VQ gene expression was determined by quantitative RT-PCR. VQ genes are represented as rows and treatment/time point as columns in the matrix. Red, black and green elements indicate upregulated, no change and down-regulated VQ genes respectively in the matrix. Cluster analysis was performed on expression profiles of 34 VQ genes across 6 transients treatments (P, P.syringae infection; S, SA treatment) and time points (4,12 and 24 h after pathogen inoculation or SA treatment). The horizontal and vertical dendrograms indicate the degree of similarity between expression profiles for VQ genes and conditions tested, respectively. 
